Background: Heterozygous mutations in the cytoplasmic domain of phospholamban cause lethal dilated cardiomyopathy. Results: The mutations alter phospholamban-protein kinase A interactions that are essential for substrate recognition and phosphorylation. Conclusion: Hereditary mutations in phospholamban that prevent phosphorylation by protein kinase A will lead to chronic inhibition of SERCA. Significance: Arginines in the cytoplasmic domain of phospholamban should be considered hot spots for hereditary mutations leading to dilated cardiomyopathy.
In cardiac muscle, ␤-adrenergic stimulation increases contractility and accelerates relaxation. These effects are due to the activation of PKA, which targets a variety of downstream contractile and calcium-handling systems. One such target is phospholamban (PLN), 3 a regulator of the sarcoplasmic reticulum calcium pump (SERCA) (1) . Following an appropriate physiological cue, PKA phosphorylates PLN and increases calcium reuptake by SERCA into the sarcoplasmic reticulum (SR).
Although the role of SERCA and PLN in muscle relaxation is clear, evidence from animal models suggests that most of the inotropic effects on contractility also originate from SR calcium handling (2) . This is because dynamic control of myocardial contraction-relaxation involves fine tuning SERCA inhibition and SR calcium levels. SERCA function depends on the available pool of inhibitory PLN, which in turn depends on the cytosolic calcium concentration and the oligomeric and phosphorylation states of PLN (1, 3) . It is known that defects at any point in this pathway can result in heart failure (4), although it took almost three decades after the initial discovery of PLN to establish this link. Dilated cardiomyopathy (DCM) is a major cause of cardiovascular disease, with ϳ30% of cases being of familial or hereditary origin (5) . Many disease-causing mutations are found in genes encoding contractile or calcium-handling proteins, such as PLN, where defects in force transmission, endoplasmic reticulum stress, apoptosis, and biomechanical stress underlie the development and progression of DCM. In humans, abnormal SERCA to PLN ratios (6 -8) or mutations in PLN (9 -12) are associated with disease, whereas superinhibitory and chronically inhibitory PLN mutations can cause heart failure in mouse models (13) (14) (15) . Two such examples of mutations include R9C and Arg 14 deletion (R14del) in the cytoplasmic domain of PLN (9, 11) , which have been linked to DCM in extended family pedigrees. In addition, R9L and R9H are newly identified mutations, although their linkage to heart failure has not been fully established (12) . These hereditary mutations are somewhat surprising because Arg 9 and Arg 14 were not previously considered essential residues of PLN, and overall the cytoplasmic domain of PLN makes a small contribution to SERCA inhibition (16) . Nonetheless, cysteine substitution of Arg 9 is thought to result in loss of inhibitory function and trapping of PKA, whereas deletion of Arg 14 alters the PKA recognition motif of PLN. The resultant effects on SERCA function and SR calcium stores are causative in the development and progression of DCM.
To gain mechanistic insight into R9C, R9L, R9H, and R14del, we created missense and deletion mutants in the cytoplasmic domain of PLN and characterized their effects on phosphorylation by PKA in the absence and presence of SERCA. For the disease-associated mutants, R14del resulted in a slight loss of inhibitory function and a complete loss of phosphorylation, R9H resulted in normal inhibitory function and a complete loss of phosphorylation, and R9L and R9C resulted in a complete loss of both inhibitory function and phosphorylation. Any changes to the PKA recognition motif of PLN (Arg 13 -Arg 14 -Ala 15 -Ser 16 ) (3, 17) eliminated phosphorylation, providing a simple explanation for the R14del mutant. That is, deletion of Arg 14 would be expected to render PLN unresponsive to ␤-adrenergic stimulation and constitutively active as an inhibitor of SERCA. In contrast, mutagenesis of Arg 9 revealed multiple effects on SERCA regulation (18) . All nonconservative mutations of Arg 9 significantly decreased the inhibitory activity of PLN, as well as its ability to be phosphorylated by PKA. Further insight was gained through the mutagenesis of PKA, which revealed that Glu 203 and Asp 241 were required for efficient phosphorylation of PLN. By virtue of an electrostatic interaction with Arg 9 of PLN, these PKA residues increase the efficiency of phosphorylation and allow PKA to recognize PLN in the context of the pentamer. To summarize our findings, Arg 9 of PLN plays a multifaceted role in cardiac contractility: it is important for SERCA inhibition, it increases the efficiency of PLN phosphorylation, and it allows PKA to recognize nonphosphorylated PLN monomers in the context of a partially phosphorylated pentamer.
EXPERIMENTAL PROCEDURES
Sample Preparation-SERCA1a was prepared from rabbit hind leg muscle (19, 20) , and recombinant human PLN was made using established procedures (18, 21) . SERCA and PLN were reconstituted for functional assays using established procedures (22, 23) to obtain final molar ratios of 1 SERCA to 4.5 PLN to 120 lipids. ATPase assays were performed as previously described (18, 24) . For phosphorylation assays, a "fast" reconstitution was performed to increase the lipid to protein ratio of the co-reconstituted proteoliposomes (25) . The final molar ratios were 1 SERCA to 4.5 PLN to 900 lipids. For all proteoliposomes used herein, the concentrations of SERCA and PLN were determined by quantitative SDS-PAGE (26) .
Phosphorylation Assays-PLN was first phosphorylated in detergent solution by the catalytic subunit of PKA (PKA-c) (Sigma-Aldrich) in the absence of SERCA as previously described (22) with a molar stoichiometry of 1 PKA-c to 1000 PLN. PLN was phosphorylated with ATP spiked with [␥-32 P]ATP (ϳ0.1 Ci/l). All other components of the reaction were identical to published protocols (22) . The reactions were stopped by the addition of TCA, incubated on ice for 10 min, washed several times with 10% TCA and water, and counted in 1 ml of liquid scintillant (Perkin-Elmer) for 1 min in a scintillation counter. All of the values were corrected by subtracting background counts per minute from samples containing no PKA.
PLN was also phosphorylated by PKA-c in co-reconstituted proteoliposomes in the presence of SERCA (50 l) as previously described (22) with a molar stoichiometry of 1 PKA-c to 50 PLN. The ATP was spiked with [␥-32 P]ATP (ϳ0.1 Ci/l), and the samples were treated as described above. All of the values were corrected for PLN concentration in proteoliposomes as determined by gel quantitation (ImageQuant software; GE Healthcare).
Recombinant PKA Purification-The wild-type bovine PKA catalytic subunit cloned into the pET3a vector (EMD Chemicals, San Diego, CA) was purchased from Biomatik (Cambridge, Canada). Codons were optimized for expression in Escherichia coli and a six-histidine tag was added on the N terminus of the PKA gene. The plasmid was transformed into E. coli (DE 3 ) pLysS cells (Stratagene, Santa Clara, CA). Cultures were grown at 37°C in noninducible minimal media (MDAG-135) (27) until A 600 ϭ 0.6 and then induced with IPTG (0.5 mM) for 6 h at 22°C. Recombinant PKA was purified on a nickelnitrilotriacetic acid column (Qiagen) under native conditions according to the protocol provided in the Qiaexpressionist (Qiagen). After elution, recombinant PKA was concentrated (ϳ1 mg/ml) and dialyzed into 50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 0.2% ␤-mercaptoethanol, 50% glycerol, and 1 mM EDTA. This protocol was repeated for the E203A and D241A mutants of PKA. The purity and concentration of each mutant was assessed by SDS-PAGE, and all activity values were corrected for it.
Kemptide and PLN Peptide Phosphorylation-The kinetic values for the PKA proteins were acquired from a [␥-
32 P]ATP phosphorylation filter binding assay that has been previously described (28) . Kemptide was purchased from Promega, and PLN cytoplasmic peptides were synthesized by Biomatik Corporation. Kemptide and wild-type PLN peptide concentrations were varied from 1.0 to 400 M for wild-type PKA and 1 to 700 M for E203A and D241A PKA; R9C PLN peptide was only varied from 1 to 300 M for wild-type and mutant PKAs because of solubility problems. K m and V max were obtained by fitting the data to the Michaelis-Menten equation ( 
, and all of the data were plotted as substrate concentration (M) versus activity (M/min).
PLN Phosphorylation with Recombinant PKA-Detergentsolubilized wild-type and R9S PLN (0.15 mM) were phosphorylated for 0, 5, 15, 30, 45, and 60 min as described above under phosphorylation assays (molar ratio of 1 PKA to 1000 PLN).
RESULTS

Functional Properties of PLN Mutants Implicated in Heredi-
tary Cardiac Pathology-Although the root cause of DCM can be a single site mutation in PLN, heart failure is an incredibly complex process that impairs many aspects of calcium homeostasis and the cellular proteome, including decreased levels of SERCA (29, 30) . Mechanistically, it is important to separate initiating events from the complex array of secondary pathological consequences that define heart failure. Hereditary missense mutations, such as those found in PLN, provide valuable insights into disease-associated changes in calcium homeostasis. In the case of PLN mutants (R9C, R9H, R9L, and R14del), SERCA dysregulation accounts for the earliest stages of disease, which ultimately leads to reduced pumping force, cardiovascular remodeling, and heart failure.
For this reason, the goal of the present study was to mechanistically define the relationship between PLN mutation and the regulation of SERCA that underlies the development of DCM. To do this, we used reconstituted proteoliposomes containing SERCA and PLN under conditions that mimic native SR membrane (22, 25) . Functional characterization of the proteoliposomes relied on measurements of the calcium-dependent ATPase activity of SERCA in the presence of wild-type or mutant PLN. R9C and R9L resulted in complete loss of function, R9H was indistinguishable from wild type, and R14del resulted in partial loss of function ( Fig. 1, A and B, and Table 1 ). To mimic heterozygous conditions, mixtures of wild-type and mutant PLN (1:1 ratio) were reconstituted with SERCA. Because of increased hydrophobicity of the cytoplasmic domain of PLN, R9C, R9L, and R14del appeared to have a dominant negative effect on SERCA function (Table 1 and Ref. 18) . Because R9H was a conservative mutation indistinguishable from wild-type PLN, it would not be considered a dominant negative regulator of SERCA.
Phosphorylation of PLN Mutants Implicated in Hereditary Cardiac
Pathology-The cytoplasmic domain of PLN is the target of regulation via the ␤-adrenergic pathway, and disruption of this process would be expected to influence the development and progression of DCM. Although no known mutations affect the site of phosphorylation by PKA (Ser 16 ), Arg 14 is part of the PKA recognition motif, and Arg 9 is a more peripheral, upstream residue that may also be involved in recognition by PKA (31) . Contrary to the location of these residues, R14del was initially reported to be phosphorylated, whereas R9C was reported to abrogate phosphorylation (9, 11) . Therefore, our goal was to understand the relationship between disease-associated mutations and phosphoregulation of PLN. Under conditions that resulted in efficient phosphorylation of wild-type PLN (data not shown), we observed no detectable PKA-mediated phosphorylation of R9C, R9L, or R14del and minimal phosphorylation of R9H (Fig. 1C) . This was confirmed with SERCA ATPase activity measurements, which revealed minimal changes in SERCA inhibition following PKA treatment of the PLN mutants (Table 1) . This led us to consider whether the mutation of these particular residues (Arg 9 and Arg 14 ) or the nature of the mutations (Cys, Leu, or His substitution or deletion) was the key determinant for the defect in phosphorylation.
To address this, we first tested the PKA-mediated phosphorylation of alanine mutants of residues Lys 3 to Thr 17 in the absence of SERCA (Fig. 2) . Under conditions where wildtype PLN rapidly reached complete phosphorylation, most of the alanine substitutions between residues 3 and 17 resembled the native protein. However, three mutants (R9A, R13A, and R14A) exhibited clear defects in phosphorylation with S16A serving as a negative control. The results for Arg 13 and Arg 14 were anticipated given their placement in the PKA recognition motif and prior characterization by mutagenesis (32) . The result for Arg 9 of PLN was unexpected, given that it was not previously reported to be a determinant for PKA-mediated phosphorylation (17) .
PLN in the absence of SERCA allowed unhindered interaction with PKA for optimal phosphorylation, yet this did not take into account the SERCA-PLN interaction that normally occurs in cardiac SR. To examine this, proteoliposomes containing SERCA in the presence of wild-type or mutant PLN were phosphorylated by PKA. To distinguish between SERCA-specific effects on PLN phosphorylation versus molecular crowding that could limit the accessibility of PKA, the reconstitution method was altered to incorporate a higher lipid to protein ratio in the proteoliposomes (25) . Under conditions where wildtype PLN rapidly reached complete phosphorylation, we again observed significant decreases in the phosphorylation of R9A, R13A, and R14A (Fig. 3) . Surprisingly, the S10A mutation now exhibited reduced phosphorylation (67 Ϯ 4.2% of wild type) comparable with the reduction observed for the R9A mutant (63 Ϯ 2.8% of wild type). The reduced phosphorylation of S10A only occurred in the presence of SERCA, indicating that this residue may be important for PKA recognition and binding of SERCA-bound PLN. It should be noted that this reduced level of phosphorylation corresponded to more than one molecule of PLN per molecule of SERCA.
Mimicking Disease-associated Mutations in PLN-So far, the R9C, R9H, R9L, and R14del mutations have only been found in heterozygous individuals, where they exert a dominant negative effect on calcium reuptake. In particular, the R9C mutant was reported to trap PKA and block phosphorylation of wild-type PLN (11). The dominant negative effect of R9C on PKA-mediated phosphorylation prompted us to investigate equimolar mixtures of mutant and wild-type PLN in our phosphorylation assays (Table 1) . To allow for the formation of a trapped, inactive complex with PKA, the assays were performed with or without preincubation of PKA with the R9C, R9L, R9H, or R14del mutants. Under these conditions, none of the mutants sequestered PKA and prevented the phosphorylation of wild-type PLN. This was supported by SERCA ATPase activity measurements, where the phosphorylation of wild-type PLN had the expected effects on heterozygous mixtures with the mutants (R9C, R9L, R9H, and R14del; Table 1 ). Our conclusion was that a simple interaction between the PLN mutant and PKA did not result in trapping, suggesting that something more complicated may be occurring in DCM. SERCA, PLN, and PKA are part of a larger signaling complex that includes protein kinase A-anchoring protein AKAP18␦ (33), as well as additional regulatory components. It is reasonable to expect that one or more of these interactions may be perturbed in R9C-mediated DCM.
Nonetheless, the lack of phosphorylation of R9C, R9H, R9L, and R14del mutants by PKA prompted us to further investigate by generating a series of amino acid substitutions of and around Arg 9 (Fig. 2) . This change interferes with SERCA and PKA interactions necessary for the proper regulation of calcium reuptake. We have already shown that R14del cannot be phosphorylated by PKA and that R13A and R14A recapitulate this behavior. To confirm these observations, we mutated Arg 13 to isoleucine (R13I) to mimic the amino acid sequence change that results from deletion of Arg 14 (the sequence became Ile 13 -Arg 14 -Ala 15 -Ser 16 ) without shortening the cytoplasmic domain of PLN. Like R14del, we found that R13I could not be phosphorylated by PKA (Fig. 4) . The combined results for R14del, R13A, R14A, and R13I indicated that any change to the PKA recognition motif of PLN would be expected to eliminate PLN phosphorylation as a means of regulating SERCA function.
We next investigated the physicochemical properties of R9C, R9H, and R9L that contribute to PLN dysregulation and DCM. The mutants tested included R9A, R9C, R9E (charge reversal), R9del (deletion of Arg 9 ), R9S (isosteric to R9C), R9K and R9H (conservative substitutions), R9Q (removal of charge), and R9L, R9V, R9I, and R9M (hydrophobic substitutions). All mutations of Arg 9 except for R9K and R9Q reduced phosphorylation by PKA (Fig. 4) , whereas R9C, R9H, and all hydrophobic substitutions (R9L, R9V, R9I, and R9M) completely or nearly abolished phosphorylation. Surprisingly, the hydrophobic substitutions were the most effective mimics of the phosphorylation defects associated with R9C and R9L, mirroring the trend observed for the functional defects associated with these mutants (18) . Additionally, R9H was found to cause a severe defect in phosphorylation, consistent with the potential linkage of this mutation to heart failure (12) . Although histidine is a conservative substitution for arginine, the aromatic side chain likely makes it a poor substrate for PKA phosphorylation. We next investigated the positioning of the cysteine substitution at Arg 9 . We generated isosteric mutations of nearby residues Thr 8 and Ser 10 to cysteine (T8C and S10C). Neither mutant exactly mimicked R9C, yet T8C clearly resulted in a strong defect in phosphorylation. We concluded that Arg 9 is important for the recognition of PLN by PKA and that a hydrophobic mutation in this region of PLN is particularly detrimental for phosphorylation by PKA.
Arg 9 of PLN and Complementary Residues of PKA-Previous studies have suggested that PKA prefers peptide substrates with a basic residue upstream of the recognition motif at the P-6, P-7, or P-8 position (31, 34) , although the role of such distal residues in natural substrates like PLN has been less apparent. In model substrates, the upstream arginine is not required for phosphorylation, yet it plays a role in peptide positioning in the active site of PKA and increases the efficiency of phosphorylation. Herein, mutagenesis revealed that Arg 9 at P-7 of PLN appeared to fit this notion, where removal of the arginine side chain (R9A) decreased the efficiency of PLN phosphorylation, and substitution of particular side chains (hydrophobic substitutions) completely abolished phosphorylation (Fig. 4) . The structure of the catalytic subunit of PKA bound to a cytoplasmic peptide of PLN has been determined (35) , and it identifies two acidic residues in PKA (Glu 203 and Asp 241 ) that interact with Arg 9 of PLN (Fig. 5) . To assess the importance of these residues, we produced recombinant bovine catalytic subunit of wild-type PKA, as well as Glu 203 to Ala (E203A) and Asp 241 to Ala (D241A) mutants of PKA. The activity of these PKA variants was confirmed using kemptide (sequence LRRASLG) (36) , an ideal substrate for PKA based on the phosphorylation site of liver pyruvate kinase ( Table 2) .
Phosphorylation of PLN by Recombinant PKA-Although model peptides are a facile system for studying phosphorylation, full-length, membrane-associated PLN is the natural substrate for PKA. However, the disease-associated Arg 9 mutants of PLN could not be phosphorylated over the time frame of our experiments. For this reason, the R9S mutant was chosen as a surrogate. R9S is isosteric to R9C, yet it resulted in sufficient phosphorylation for the study of PKA mutants (Fig. 4) . Under the experimental conditions, recombinant wild-type PKA phosphorylated wild-type PLN with a half-time of ϳ7.5 min and an initial rate of 12.2 mol min Ϫ1 (Fig. 6A) . Phosphorylation of R9S PLN with recombinant wild-type PKA resulted in a lower initial rate, and the time-dependent phosphorylation saturated but never reached complete phosphorylation. A similar trend occurred for the E203A mutant of PKA with both wildtype and R9S PLN (Fig. 6B) . In fact, the progress curves for these three enzyme-substrate pairs (wild-type PKA with R9S PLN, E203A PKA with wild-type PLN, and E203A PKA with R9S PLN) were very similar to one another and did not reach complete phosphorylation. This suggested a common underlying effect on phosphorylation. Lastly, we tested the D241A mutant of PKA, which had a more severe effect on the phosphorylation of PLN (Fig. 6C) . The data are consistent with interactions 
between Glu 203 and the side chain of Arg 9 and Asp 241 and the backbone amide of Arg 9 ( Fig. 5) , both of which are required for positioning of the substrate for efficient phosphorylation.
The progress curves for the three enzyme-substrate pairs described above never reached complete phosphorylation, consistent with either enzyme inactivation or substrate depletion. Enzyme inactivation, perhaps by denaturation or product inhibition, seemed unlikely because the enzyme was limiting in the reactions. Nevertheless, a simple test for enzyme inactivation was to incubate the three PKA variants (wild type, E203A, and D241A) with wild-type PLN until saturation was reached, followed by the addition of fresh enzyme to test whether phosphorylation could proceed. We found that the addition of enzyme did not result in complete phosphorylation of wildtype PLN by the PKA mutants (Fig. 7A) , indicating that enzyme inactivation was not the cause of this behavior. This same result was observed with R9S PLN, where the addition of fresh PKA (wild type or mutant) was unable to complete R9S phosphorylation (Fig. 7B) . We then wondered how the substrate might change as a function of time in the progress curves. Because the substrate, wild-type or R9S PLN, was identical for all three PKA variants, it seemed improbable that true substrate depletion was occurring. Instead, it seemed more likely that the accessibility of the substrate to PKA changed as product accumulated in the phosphorylation reactions. The simplest way to envision how this might occur was to invoke phosphorylation in the context of the PLN pentamer (37) . To take this into account, we replotted the progress curves for wild-type PKA and R9S PLN and E203A PKA and wild-type PLN as a function of the number of phosphorylated monomeric equivalents (Fig. 8A) . For mutation of either PLN (Arg 9 ) or PKA (Glu 203 ), the progress curves stalled after the phosphorylation of two to three monomers per PLN pentamer. This led to the hypothesis that these residues of PLN and PKA function, at least in part, to recognize a nonphosphorylated monomer in the context of a partially phosphorylated pentamer.
If this hypothesis was correct, reducing the oligomeric state of PLN should increase the level of phosphorylation. For this, we returned to the disease-associated R9C mutant, which could not be phosphorylated by PKA in our assays and thus provided a rigorous test for our hypothesis. A full-length monomeric form of R9C (R9C-SSS) and an R9C cytoplasmic peptide (R9C [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , amino acids 1-20 of PLN) were both tested for their ability to be phosphorylated by PKA. The monomeric form of PLN was generated by replacing the three transmembrane cysteine residues (Cys 36 , Cys 41 , and Cys 46 ) with serine. The PLN-SSS and R9C-SSS mutants were entirely monomeric by SDS-PAGE (Fig. 8B) , and they possessed inhibitory properties comparable with wild-type and R9C PLN, respectively ( Table  1) . As might be expected, R9C-SSS increased phosphorylation ϳ22-fold compared with R9C (to ϳ37% phosphorylation level of wild type), whereas R9C 1-20 increased phosphorylation 45-fold compared with R9C (to ϳ84% phosphorylation level of wild type) (Fig. 8C and Table 2 ). The increase in phosphorylation of the monomeric forms of R9C indicated that the quaternary structure of the pentamer is a limiting factor in the phosphorylation of individual subunits. Thus, the specific rec- ognition of Arg 9 by PKA helps to overcome this, reminiscent of the role of the pentamer in PLN dephosphorylation (37) . In addition, the R9C monomer did not reach wild-type levels of phosphorylation, indicating that Arg 9 of PLN is important for the efficient phosphorylation of this longer, natural substrate of PKA.
DISCUSSION
Thus far, four mutations linked to heart disease have been identified in the cytoplasmic domain of PLN (9, 11, 12, 38) . The first to be identified was an R9C mutant, followed by R14del and newly identified R9H and R9L. Deletion of Arg 14 was found in two families with autosomal dominant DCM resulting in death at middle age (9, 39) , as well as another small family with late onset mild DCM (38) . A heterozygous mouse model generated for this mutant suggested it was a superinhibitor of SERCA that was only partially reversible by PKA-mediated phosphorylation (9) . By comparison, the R9C mutant results in multiple changes to PLN function. A heterozygous mouse model suggested that R9C is a loss of function form of PLN that also traps PKA and prevents the phosphorylation of other cellular targets including wild-type PLN (11) . The effects of R9H and R9L on SERCA inhibition have been characterized (18) , but their consequences on phosphorylation have yet to be examined. Given the link of R9C and R14del to PLN phosphorylation, we systematically examined the residues surrounding the phosphorylation site of PLN for their disease relevance. We wished to examine the aberrant interactions involving only PLN-SERCA and PLN-PKA, both of which would be considered initiating events in the development of DCM. At the cellular level, these initiating events could be distinct from observations made at later stages of disease development, where many affected processes can ultimately contribute to the observed suppression of SERCA function.
Mechanism of Disease-causing Mutations of PLN-First considering R14del, it was initially reported to be a partial inhibitor of SERCA under homozygous conditions and a superinhibitor under heterozygous conditions in HEK-293 cells (9) . It was also observed that R14del may be phosphorylated, despite the change to the PKA recognition motif. A later study in mouse models revealed that under homozygous conditions, R14del was misdirected to the plasma membrane where it altered the activity of the sodium pump (40) . In this latter study, R14del did not inhibit SERCA and was only weakly phosphorylated. However, only heterozygous R14del patients have been identified, and it has been shown that R14del is retained in the SR under heterozygous conditions (9) . This suggests that the presence of both mutant and wild-type PLN underlies the development of DCM, perhaps via the reported superinhibition of SERCA. To investigate this, we isolated SERCA and R14del from all other cellular effectors and found it to be a partial inhibitor of SERCA (slight loss of function mutant) in both the absence and presence of wild-type PLN (18) . We also observed that R14del could not be phosphorylated by PKA. Putting this in terms of initial stages of calcium dysregulation, R14del would result in partial inhibition of SERCA and lack of ␤-adrenergic control by phosphorylation. This initial chronic inhibition of SERCA could lead to the development of other cellular sequelae, such as SERCA down-regulation (29, 30) or changes in the SUMOylation of SERCA (41) .
By comparison with R14del, the R9C mutant resulted in multiple changes to PLN function, including the purported trapping of PKA. Given that a cysteine residue replaced Arg 9 of PLN, we immediately considered the aberrant chemistry of a free sulfhydryl as the culprit for disease (42) . However, examination of the structure of the PKA substrate-binding pocket revealed no obvious mechanism for the formation of a trapped complex (35) . Further investigation revealed that a hydrophobic substitution at this position was enough to completely mimic R9C, and we anticipated that mutations like R9L might eventually be found in the human population (18) . Of course, we now know that Arg 9 is a hot spot for disease-associated mutations, as can be seen with the recent identification of R9H and R9L in heart disease patients (12) . Perhaps this is not surprising, because PKA prefers an arginine six to eight residues upstream of the recognition motif (31, 43) , and dynamic phos- phorylation of PLN is critical for normal cardiac function (44 
